Plasmon-plasmon coupling in nested fullerenes: photoexcitation of interlayer plasmonic cross modes Oscillations of the correlated electron density in materials stimulated by external radiation are ubiquitous in nature. If a material has boundaries along all or some dimensions, then the charge oscillations quantize, forming standing waves. This quantized oscillation can be described by a paradigmatic many-body quasi-particle, the plasmon, whose frequency for nanometric dimensions of the material falls within the infraredto-ultraviolet range. Plasmon excitations in a variety of materials, namely metallic nanoclusters [1] , metallic [2] and carbon nanoshells [3, 4] , single-walled carbon nanotubes [5] , thin metallic films [2] , and graphene monolayers [6] [7] [8] and bilayers [9, 10] , have been studied.
Closely related collective excitations are lower energy surface plasmons which hold promise as a possible tool for controlling light at subwavelength scales, giving rise to the field of nanophotonics. A very exciting, recent nanophotonic effort is the infrared plasmon excitation in germanium interconnects, which are being considered by IBM for transmitting information on computer chips, allowing the device to benefit from a huge noise-reduction gain [11] . As an important biochemical application, use of the surface plasmon resonance of gold-capped nanoparticle substrate has been developed for detecting casein allergen in milk [12] . In photovoltaics, light absorbance has been significantly enhanced in an organic solar cell from the plasmonic activities of the incorporated blend layer of silver nanoparticles [13] . Furthermore, the plasmon-driven enhanced emission of organic light-emitting devices has recently been achieved [14] .
A critical aspect in these applications is the plasmonexcitation frequency and, therefore, controlling the plasmon frequency will constitute a huge step in advancing the technology. Additionally, if multiple plasmons of sufficient strengths and long enough lifetimes can be induced in a system, then that would provide unparalleled versatility in device performance. Herein we report on a system, multiwalled nested fullerenes or the buckyonion, in which such properties may be realized. This occurs for two reasons: (i) concentric fullerenes being of qualitatively similar plasmonic responses can induce a broad range of flexibility in the plasmon generation. This entails a powerful hybridization leading to a dramatic variation of plasmon structures when individual charge clouds of neighbouring shells strongly overlap. This happens when, for instance, the intershell separation is comparable to the shell thickness (as for C 60 @C 240 in this study). Likewise, a rather weak hybridization will emerge when the intershell separation is larger.
Therefore, a consequence of the freedom to choose constituent fullerenes is the ability to modify plasmon frequencies in a predictable fashion. (ii) Buckyonions, which were first synthesized [15] contemporarily with single-walled ordinary fullerenes, are highly stable formations that can exist even at room temperature.
A substantial amount of knowledge has been gained over the past two decades on plasmonic responses of single-walled fullerenes to external stimuli, both experimentally [3, [16] [17] [18] [19] and theoretically [4, [20] [21] [22] [23] [24] . In contrast, very little is known about the many-body response of buckyonions. Recent efforts [25, 26] in synthesizing buckyonions in large quantities can potentially bring these materials into the research limelight. Additionally, single-walled fullerenes have been successfully used as nanometric cages to trap atoms or molecules, since they are far easier to sustain than traditional laser cooling or magneto-optical traps [27] . In fact, studies to examine the photoresponse of fullerene-confined atoms at plasmon-active energies and beyond have become quite routine in recent times [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The current study on the photoexcitation of plasmons in a two-layer buckyonion, C 60 @C 240 , the very first study of its kind, will not only motivate research on atomic species in multi-walled cages, but also explore the science of collective response in confinement.
The present theoretical study of the photoexcitation of plasmons in C 60 @C 240 finds that a strong dynamical hybridization excites cross-breed plasmons of significantly different frequencies, lifetimes and strengths than those of the intrinsic plasmons of independent C 60 and C 240 . The hybridization shows that the quality of mixing between two nested entities is distinctly different from other attached entities such as the nanoparticle dimer [40] .
A density functional framework is used to describe electronic structures and the photoionization processes for C 60 , C 240 and C 60 @C 240 ; details of the methodology have been published elsewhere [4] . Briefly, the four valence electrons (2s 2 2p 2 ) of each carbon atom are rendered delocalized, while the core C 4+ ions (each consisting of a carbon nucleus plus two very-tightly-bound 1s electrons) are smeared into a classical jellium-type charge distribution with radii R = 3.54Å for C 60 and R = 7.14Å for C 240 [41] . The requirement of charge neutrality produced a thickness of 1.5Å for both the shells that agreed well for C 60 with the value inferred from the experiment [42] . The Kohn-Sham equations for the system of valence electrons (with a count of 240 for C 60 and 960 for C 240 ) are then solved to obtain the delocalized ground state structure in the local density approximation (LDA). This yielded values −7.54 and −6.48 eV for the first ionization thresholds of C 60 and C 240 , respectively. Solutions of the Kohn-Sham equations for C 60 @C 240 were relatively conveniently obtained by starting the self-consistent iteration process from an initial potential very close to the sum of calculated potentials of two constituent fullerenes. As in C 60 and C 240 , the occupied orbitals of C 60 @C 240 are grouped into nodeless (n = 1) σ and single-noded (n = 2) π (single-electron) bands, in which strong inter-layer hybridizations among π orbitals are noted. A time-dependent LDA (TDLDA) approach [4] is used to calculate the dynamical response of the compound to the external dipole photon field. This yields a formal expression for the photoionization cross section as the sum of independent subshell cross sections σ n →k , corresponding to a dipole transition n → k ,
where φ represents single-electron wavefunctions. Besides including the external perturbation z, the induced potential δV incorporates the dynamical field produced through manyelectron interactions via the following equation:
where the second and third terms on the right-hand side are, respectively, the induced change of the Coulomb and the exchange-correlation potentials. δρ in equation (2) is the frequency-dependent complex change in the electron density. Obviously, replacing δV by z in equation (1), we obtain the independent particle LDA cross section. Figures 1(a) and (b) present TDLDA cross sections for independent fullerenes which show familiar low-energy plasmon (LEP) and high-energy plasmon (HEP) resonances from collective (many-electron) excitations [4, 17] . Mounted on this plasmonic background are single-electron autoionizing resonances which are characteristically narrower than similar features in atoms because of the delocalized nature of fullerene electrons [4] . These resonance spikes, however, have not been observed [16, 17] , likely due to the finite temperature effects of the experimental samples [4] . We fit the smooth background with two additive Lorentzian functions, as also shown in figures 1(a) and (b), that estimate the resonant position, width and the total oscillator strength of each structure (table 1). Note that the energetic proximities between two LEP resonances and also between two HEP resonances from independent fullerenes suggest the likelihood of interplasmonic hybridizations in the nested C 60 @C 240 .
The TDLDA cross section of C 60 @C 240 is displayed in figure 1(c) . This, through a comparison with the corresponding LDA result (shown), indicates far richer plasmonic activities. In order to more precisely assess the effects of inter-fullerene coupling, we also present in figure 1(c) a direct sum of C 60 and C 240 TDLDA cross sections. The comparison of this sum with the C 60 @C 240 TDLDA result demonstrates a remarkable reorganization of the oscillator strength density in C 60 @C 240 , entailing (i) a huge suppression of the strength from C 240 LEP at 12 eV and (ii) the emergence of a pair of new resonances at about 16.5 and 20 eV. A four-Lorentzian formula is found to describe the average background shape of the C 60 @C 240 TDLDA cross section very well, as seen in figure 2(a) . We identify the two low-energy resonances as LEP1 and LEP2, and the two high-energy ones as HEP1 and HEP2. The estimated positions, widths and oscillator strengths of these resonances are also given in table 1.
The excitation of the ground state electron cloud to higher collective states which the system can support under the influence of external photon field embodies the central notion of plasmon excitation processes. The mechanism is best visualized by explicitly considering the many-body ground | 0 and excited | m states. The ground-state photoionization cross section is then proportional, via the golden rule, to the imaginary part of the dipole polarizability. Photon energy (eV) This leads to a formal expression for the cross section as [4] 
where ζ = i z i are dipole interactions, m = E m − E 0 are collective excitation energies and δ is an infinitesimal positive quantity. To a good approximation, | 0 can be constructed as a linear combination of Slater determinants of single-electron ground states. Evidently, there exist two collective excited states (m = 1, 2) for each of C 60 and C 240 , leading to plasmon resonances peaked at photon energies (= m ) in table 1. In the nested compound C 60 @C 240 , the hybridization between excited collective states of 'unperturbed' fullerenes, due to their near-degeneracy noted above, produces excited states of bonding and antibonding combinations:
in which α is the mixing parameter. Excitations of the charge cloud of C 60 @C 240 to these four collective hybrid states, equations (4) and (5), induce four plasmons, with the more tightly bound hybrid states producing the lower energy plasmons (LEP1 and HEP1) in a pair. Previous calculations [4] predicted very little effect of the LEP resonance on σ -electron contribution to fullerene cross sections, which is shown in figures 1(a) and (b). Being consistent with this expectation, the effect of LEP hybrids is practically absent in the C 60 @C 240 σ ionization, while the π ionization exhibits all four plasmons, as evident in figure 2(b) . Very different characteristics (positions, widths and oscillator strengths) of these cross-mode hybrid plasmons (table 1) , when compared to those of the 'primordial' plasmons of the constituent fullerenes, are reflected in the TDLDA cross section of C 60 @C 240 which differs radically from the C 60 +C 240 result in figure 1(c) . It is noteworthy that a configuration space visualization of identical collective modes for metallic nanoshells was discussed earlier [43] . Illustrated in figure 3 is a simple classical picture of excited oscillation modes of a system of two concentric hulls of plasma. For a single hull, the in-phase motion of the hull boundaries, producing a normal mode of a translational character, can be represented by the oscillation of two identical springs connected in series. In this case, the equivalent spring constant of the combination becomes half of the individual spring constant (k). The other normal mode, the out-of-phase oscillation of the boundaries (the compressional breathing mode), corresponds to a parallel combination of two springs of equivalent spring constant 2k. Since the oscillation frequency is proportional to √ k, the normal-mode frequencies are related by a factor of 2, in a remarkable conformity with measured resonance positions (20 and 40 eV) of C 60 [16, 17] . Therefore, extending this model to a system of two hulls, four normal modes of oscillations emerge, as depicted in figure 3 . The top two combinations denote the bonding and antibonding motions of translating hulls which can be identified with their quantum analogues of collective excitations to the hybrid states (equations (4) and (5)) with index m = 1. The two bottom combinations, conversely, represent the bonding and antibonding mixes of two breathing hulls connected to the excited states (equations (4) and (5)) with m = 2. The dependence of resulting classical frequencies on the spring constants is shown in figure 3 . These results with the assumption of all identical springs (i.e. k 1 = k 2 ), also indicated in figure 3 , uncover a unique similarity with the plasmon energies (table 1) in our calculation: the energies of three lower plasmon hybrids (LEP1, LEP2, HEP1) are in relative proximity to each other, while being significantly far from the energy of HEP2. Note, however, that we disregard other combinations, denoting LEP-HEP-type mixing of a four-spring system, since those combinations are unimportant owing to a wide energy separation between the LEP and HEP of an individual fullerene. Extrapolating this picture for multiple layers suggests greater complexities in plasmon hybridizations from various combinatorial multiplets.
We have further noted significant differences in singleelectron resonances between the TDLDA cross sections of C 60 @C 240 and C 60 + C 240 as shown in figure 1(c) , particularly at low photon energies. One possible cause of this is modifications in the resonances from the inter-layer hybridization of single-electron π -orbitals of C 60 @C 240 noted before. In addition, new resonances could also appear for a bilayer from inter-fullerene Coulomb decays, similar to non-radiative interatomic Coulomb processes predicted before for endohedral molecules [44] . The examination of these possibilities will be the goal for future studies.
To this end, we have predicted the photoexcitation of four plasmons in the C 60 @C 240 compound whose properties are greatly different from the plasmons that exist in individual fullerenes. A bonding-antibonding-type collective hybridization between intrinsically plasmonic nested systems is unravelled. The result may open new fields of research in using buckyonions as candidates for nanomaterial plasmonics with possible further control of the phenomenon with endohedrally doped atoms, molecules or clusters.
